There are two recognized poxviruses that are associated with disease in tree squirrels: squirrel fibroma virus (SQFV), Leporipoxvirus, which affects eastern grey squirrels (Sciurus carolinensis) in eastern North America, and squirrelpox virus (SQPV), a member of a newly identified poxvirus genus, which affects European red squirrels (Sciurus vulgaris) in the United Kingdom. In August 2008, a cutaneous poxvirus-associated disease was identified in a North American red squirrel (Tamiasciurus hudsonicus) from the Yukon Territory, Canada. The gross and microscopic appearance of the skin lesions was more consistent with SQPV than SQFV, and electron microscopy revealed poxvirions only within epithelial cells. Polymerase chain reaction (PCR) was used to identify poxvirus core protein encoding DNA in skin samples, and phylogenetic analysis showed that the inferred amino acid sequence was distinct from all other poxvirus species for which the core protein gene has been sequenced, including those of the genus Leporipoxvirus. Although the core protein sequence of SQPV was not available, comparison of the constructed phylogenetic tree to other published trees, based on major outer envelope proteins, revealed that the identified sequence occupies a position similar to SQPV in terms of its relationship to other poxviruses. However, PCR primers designed to amplify gene sequences encoding the SQPV major envelope protein and RNA polymerase did not amplify any sequences from infected tissues. These findings suggest that the virus present in this squirrel is a novel poxvirus of North American red squirrels. To our knowledge, this is the first case of poxvirus infection in Canadian squirrels outside of Ontario.
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There are two recognized diseases of squirrels of the genus Sciurus caused by poxviruses. Squirrel fibroma virus (SQFV), Leporipoxvirus, is believed to be endemic in many populations of eastern grey squirrels (Sciurus carolinensis) within their natural range in eastern North America (Robinson and Kerr, 2001; Terrell et al., 2002) . Squirrel fibroma virus usually causes sporadic disease, and, although occasional epizootics occur, it is not thought to have a significant impact on grey squirrel populations (Robinson and Kerr, 2001; Terrell et al., 2002) . In contrast, squirrelpox virus (SQPV), the sole member of a newly identified and currently unnamed genus within the poxvirus family (Thomas et al., 2003; McInnes et al., 2006) , causes a fatal disease in European red squirrels (Sciurus vulgaris) and is believed to be contributing to the decline of this species in the United Kingdom (Carroll et al., 2008) . Squirrelpox is thought to have been introduced into the UK in the late 19th century with the introduction of the eastern grey squirrel, which appears to be the natural reservoir for the virus (McInnes et al., 2006; Carroll et al., 2008) . Both SQFV and SQPV cause epidermal changes characteristic for poxviruses, including epithelial hyperplasia and hyperkeratosis, hydropic degeneration of keratinocytes, and the formation of intracytoplasmic inclusions (Simon and Bullard, 1973; Sainsbury and Ward, 1996; Ginn et al., 2007) . Unlike SQPV, SQFV causes proliferation of dermal fibroblasts and the formation of intracytoplasmic viral inclusions within those cells (Hirth et al., 1969; O'Connor et al., 1980; Terrell et al., 2002) . Squirrelpox virus can also be distinguished from SQFV by the exudative nature of the cutaneous lesions, making SQPV infection similar to that of parapoxviruses in its histologic appearance (Hirth et al., 1969; Sainsbury and Gurnell, 1995; Sainsbury and Ward, 1996) . Grossly, SQPV is associated with cutaneous ulceration and formation of hemorrhagic crusts (Sainsbury and Gurnell, 1995) , whereas SQFV causes the development of distinct nodules (Terrell et al., 2002; O'Connor et al., 1980; King et al., 1972) . We describe a case of poxvirusassociated disease in a North American red squirrel (Tamiasciurus hudsonicus) from Yukon Territory, Canada. To our knowledge there are no published accounts of poxvirus-associated disease in Canadian squirrels outside of Ontario.
In August 2008, a lethargic, juvenile, male red squirrel with a stumbling gait was found in a residential area of Whitehorse, Yukon Territory, Canada (60u439N, 135u49W). The property owner was concerned about the squirrel's rough pellage and ''deformed'' feet. The squirrel was collected, euthanized humanely, and submitted to the Canadian Cooperative Wildlife Health Center, Saskatoon, Saskatchewan, Canada for further examination.
On gross examination, there were numerous, multifocal to coalescing, tan to dark-brown, friable crusts throughout the pelt (Fig. 1 ). These crusts were particularly abundant overlying the pinnae, which were noticeably thickened. Multiple digits were missing, and those that remained were dark and appeared necrotic. The tail was absent; however, the reason for this was unclear. The squirrel had no visible subcutaneous or visceral fat, however, the intestine was filled with seeds and there were formed feces in the colon.
Samples from multiple organs, including skin, taken at necropsy were fixed in 10% neutral buffered formalin, routinely processed, and embedded in paraffin. Sections (5 mm) were stained with hematoxylin and eosin for microscopic examination. Microscopically, throughout the skin, there were multifocal areas of epidermal hyperplasia characterized by moderate acanthosis, with downgrowth of rete pegs, as well as marked, compact, ortho-and parakeratotic hyperkeratosis (Fig. 2) . Numerous keratinocytes in the upper stratum spinosum and stratum granulosum were undergoing ballooning degeneration, and occasional cells contained eosinophilic, intracytoplasmic inclusions (Fig. 3) . There was an irregularly distributed dermal inflammatory infiltrate consisting of neutrophils, lymphocytes, and plasma cells, and, in some areas, there was marked neutrophilic exocytosis. Overlying the affected areas was a thick hemorrhagic crust containing keratin and neutrophils. There were no other significant lesions.
Formalin-fixed skin was processed for electron microscopy and sections were stained with uranyl acetate and lead citrate. Numerous, approximately 300-nm-long, viral particles morphologically consistent with poxvirus were identified in the cytoplasm of intact and exfoliated keratinocytes (Fig. 4) . Virus was not observed in dermal fibroblasts.
Polymerase chain reaction (PCR) was performed on previously frozen samples The Qiagen DNeasy tissue and blood kit was used for total DNA extraction from samples of pelt and ear (sample size for extraction was approximately 20 mg). Polymerase chain reaction was conducted on both tissue DNA extracts (ear and pelt). Extracted DNA (2 ml) was used as template in PCR (50 ml total volume) containing 13 reaction buffer (10 mm KCl, 10 mm [NH 4 ] 2 SO 4 , 20 mm Tris HCl [pH 8.75], 0.1% Triton X-100, 0.1 mg/ml BSA), 0.5 U Taq DNA polymerase (UBI Life Sciences, Saskatoon, Saskatchewan, Canada), 2.5 mm MgSO 4 , and 20 pmol each of forward and reverse primers. Polymerase chain reactions were incubated at 95 C for 3 min followed by 40 cycles of 30 sec at 95 C, 30 sec at the annealing temperature, and 30 sec at 72 C. A gradient of annealing temperatures from 50 C to 57 C was used for both primer sets in replicate reactions. Products of PCR were examined on 1.5% agarose gels stained with ethidium bromide. A single PCR product of approximately 500 bp was detected in the reactions done with JH0079/JH0080 (SQFV DNA polymerase), but no products were obtained under any of the conditions used with JH0081/JH0082 (SQPV envelope protein gene).
The JH0079/JH0080 PCR products amplified from pelt and ear samples were purified and sequenced with the use of the amplification primers. An identical DNA sequence of 511 bp was obtained from both samples (Genbank Accession No. FJ839690). A comparison of the amplified sequence to Genbank with BLASTn indicated that the sequence derived from the squirrel tissue was weakly similar (,65% nucleotide sequence identity) to core protein genes from a variety of poxviruses including parapox, leporipox, and orthopox viruses. A BLASTx search (where the translated nucleotide sequence is compared to the protein sequence database) indicated that the putative amino acid translation of the squirrel-derived PCR product is 64% similar or 84% identical to virion core protein P4b from Orf virus (Parapox; Genbank Accession No. NP_957856). The translated sequence is 56% similar and 76% identical to the orthologous sequence from rabbit fibroma virus (core protein gp092L; Genbank Accession No. NP_051981). There are no sequence data available for the SQPV core protein ortholog.
The possible nucleotide sequence that could encode poxvirus P4b proteins showed significant sequence similarity to the amplification primers JH0079/JH0080 (data not shown), which could explain our serendipitous amplification of core protein gene sequence with the use of primers designed to amplify the DNA polymerase gene of SQFV.
A phylogenetic tree (Fig. 5) was created based on an alignment of 111 amino acids of translated sequence from the JH0079/ JH0080 amplicon and core proteins of Chordopoxviridae. This tree shows that the squirrel-derived sequence is clearly distinct from all other poxvirus species. However, when the topology of this tree is compared to published trees (based on orthologs of the VACV major outer envelope protein and the poxvirus RNA polymerase 30-kDa subunit; Thomas et al., 2003) it is apparent that the squirrelderived sequence occupies a position similar to SQPV in relation to other poxviruses. This suggested the possibility that the sequence isolated was, in fact, from SQPV.
To investigate this possibility, we designed two additional PCR primer sets targeting the RNA polymerase gene of SQPV, which has also been used for phylogenetic analysis of poxviruses. Primers JH0089 (59-TCG TGA ACA CGA AGA CCA AC-39) and JH0090 (59-GTT GTA CTC CAC GCC CTT TC-39), JH0091 (59-GTC CGA GAA TAA TGC CGT GT-39) and JH0092 (59-CCG TCC TCG GAC TCG TAC T-39) were designed to amplify 239 or 690 bp of the SQPV RPO30-like protein gene (Genbank Accession No. AY310357). No fragments of the appropriate size were amplified from the infected squirrel tissue under any of the reaction conditions employed.
After our initial attempts to identify the virus, we obtained a DNA extract from a SQPV-positive red squirrel from the UK. The anticipated fragments were amplified from this SQPV-positive sample with the use of primers specific for SQPV envelope protein gene (JH0081/JH0082) and RPO30-like protein gene (JH0089/JH0090). Primers JH0112 (59-TCC ACT TCG AAG ATC ACT GCT-39) and JH0113 (59-GAG TCC CGT AAT CCG GAG AT-39) were designed to amplify specifically a 359-bp region of the Canadian squirrel virus P4b-like sequence. No amplification from the SQPV-positive sample was observed with this primer pair. We were also unable to amplify any fragments from the SQPV-positive sample with primers targeting the SQFV DNA polymerase gene (JH0079/JH0080), even with extremely permissive amplification conditions (annealing temperature of 42 C).
Although the identity of the poxvirus detected in this squirrel remains unknown, the observed gross and microscopic pathology is most similar to that reported in cases of SQPV infection (Hirth et al., 1969; Sainsbury and Gurnell, 1995; Sainsbury and Ward, 1996) . Results of PCR and initial phylogenetic analysis also indicate that the virus is more closely related to SQPV than SQFV. However, our inability to amplify SQPV-specific DNA sequences from this squirrel, despite the fact that these sequences were amplified from a SQPV-positive control sample, suggests that the virus detected in this case is a novel poxvirus. This suggestion is supported by the fact that is unclear how a North American red squirrel in Yukon Territory might become exposed to SQPV. The eastern grey squirrel is thought to be the reservoir SQPV in the UK (McInnes et al., 2006) , and although antibodies against the virus have been detected in eastern grey squirrels in the USA, the virus has not been associated with disease in North America (McInnes et al., 2006) . Additionally, the natural range of the eastern grey squirrel within Canada does not extend to Yukon Territory (Koprowski, 1994) ; therefore, direct contact between this squirrel and eastern grey squirrel is unlikely.
Given the overlap between the ranges of the eastern grey squirrel and North American red squirrel (Koprowski, 1994; Steele, 1998) , it is possible that SQPV was transmitted between these species at an earlier time, and has subsequently been circulating unnoticed in red squirrel populations in Northern Canada. However, there is some indication that there may be several different poxviruses capable of infecting North American tree squirrel species, as is evidenced by the identification of an unusual poxvirus in two western grey squirrels (Sciurus griseus; Regnery, 1975) , a species that is, for the most part, geographically separated from eastern FIGURE 5. A phylogenetic tree based on an alignment of 111 amino acids of translated sequence from the JH0079/JH0080 amplicon and core proteins of Chordopoxviridae, including vaccinia (AAQ93219), cowpox (CAD90671), camelpox (NP_570510), monkeypox (NP_536541), rabbit fibroma virus (NP_051981), Yaba monkey tumor virus (NP_938349), tanapox (YP_001497089), molluscum contagiosum (NP_044057), fowlpox (NP_039130), red deer parapox (AAS45191), reindeer parapox (AAS45179), orf virus (NP_957856) and (NP_957988) bovine papular stomatitis virus. The tree is a consensus of 100 neighbor-joined trees and bootstrap values are indicated at the nodes. grey squirrels (Carraway and Verts, 1994; Koprowski, 1994) . Given the sparse human habitation of Yukon Territory, and the inconspicuous nature of tree squirrel species, it is not inconceivable that a previously unrecognized poxvirus could be present in red squirrels in that area. Alternatively, given the severity of disease in this squirrel and the fact that it is, thus far, the only reported case, the possibility of a wildlife reservoir for this virus, other then the red squirrel, should be considered.
In conclusion, we describe the first account of poxvirus-associated disease in Canadian squirrels outside of Ontario. Although initial molecular analysis suggests that the etiologic agent may be novel poxvirus, only further surveillance of North American red squirrels and molecular characterization of the causal virus will reveal the true identity, distribution, and significance of this disease.
